The ability to make decisions at the cellular level is absolutely critical for the survival of organisms. Eukaryotic cells are constantly making binary decisions in response to internal and environmental signals. Among the most notable transducers of information are protein kinases. The regulation of these signaling proteins often relies on the activity of other protein kinases located upstream in the signaling cascade. However, these signaling systems are by their own nature an important source of molecular noise. Herein, we have assessed the role of multisite phosphorylation in detecting signals in the face of molecular noise. To address this issue, we have conceptually envisioned the biochemical transduction machinery as a classifier model that can lead to four possible outputs: true positives and negatives, and false positives and negatives. In this probabilistic framework, we show that multisite phosphorylation represents a mechanism to filter noise during the decision-making process. We present results showing that nonessential phosphorylation sites contribute to increase the rate of true positives while, at the same time, they can lessen the rate of false positives. This simultaneous increase in sensitivity and specificity, makes multisite phosphorylation a valuable and easily implemented mechanism to reliably transduce information in noisy contexts.
Introduction
In order to respond to changes in their environment, living cells need to perceive and process chemical signals such as nutrients, growth factors, hormones, etc. Individual cells often receive many signals simultaneously, and they must integrate all this information to elaborate a unified response that frequently takes the form of a binary decision. Some well-characterized examples of such binary decisions are induction of the lac operon in Escherichia coli [1] , mating in Saccharomyces cerevisiae [2] , oocyte maturation in Xenopus laevis [3] , and apoptosis in multicellular organisms [4] . Although we have a natural tendency to think that a given signal always triggers the same appropriate response, the reality can be very different [5] . Because of the inherent stochasticity associated with chemical processes involving a small number of molecule copies, a cell can respond differently to the same input, which may result in inadequate cell decisions. In fact, sensing signaling inputs in the presence of noise is a challenging task for any individual cell [6] .
Many of the cellular responses triggered by environmental signals are known to be mediated by signaling cascades involving protein phosphorylation. For their correct operation, these systems require protein-protein interactions, as well as protein kinase and protein phosphatase catalytic activities. However, the interconnected Abbreviations AUC, area under the curve; Cdk1, cyclin-dependent kinase 1; FN, number of false negatives; FP, number of false positives; FPR, false positive rate = FP/N; NF, nuclear factor; N, number of negatives = FP + TN; PNP, probability of noisy phosphorylation; P, number of positives = TP + FN; PPP, probability of proper phosphorylation; ROC, receiver operating characteristic; TNF, tumor necrosis factor; TN, number of true negatives; TNR, true negative rate; TP, number of true positives; TPR, true positive rate = TP/P. and promiscuous nature of protein-protein interactions [7, 8] and the degenerated substrate specificity among kinases and phosphatases [9, 10] , are themselves important sources of noise.
Indeed, molecular noise, which pervades the cellular biology, hinders the ability of cells to respond in determinist terms to environmental clues, despite which cells seem to cope well with this noisy context. Organisms have evolved strategies to either take advantage of stochasticity in some cases [11] or counteract stochastic effects in others [12] . Although we do not have a closed answer to the question of how does evolution structure the signaling networks to tolerate the inherent noise, we now know that noise is an important force shaping biology in general and signaling systems in particular [13] . Here, we have explored the working hypothesis that multisite phosphorylation may contribute to decrease the risk of making wrong cellular decisions in the face of a noisy context.
Multisite phosphorylation cycles are ubiquitous in cell regulation systems [14] , and have received substantial research attention through the years. Phosphorylation of proteins at multiple sites is a powerful signal processing mechanism, which underlines important biological processes such as cell division and differentiation [15, 16] . As a consequence of this research effort, we know that multisite phosphorylation can fulfill many different roles [14, 17, 18] . Indeed, multistep phosphorylation shows several properties that are potentially favorable for regulatory processes. Thus, it has been shown that a large number of phosphosites can form the basis for an ultrasensitive switch-like response [19] . Networks involving multistep phosphorylation can also exhibit bistability [20, 21] , and can even generate periodic oscillations [22] . However, a yet unexplored role for multisite phosphorylation is that it may also contribute to make cellular decisions more reliable by filtering noise. Here, we have examined such a possibility adopting concepts and the formalism used in the field of machine learning.
Theory and methods

A general model base on protein phosphorylation
To examine the role of multiple phosphorylation in cellular decision-making, and in order to be as general as possible, we will present a model consisting of a protein that is a final target of a signaling cascade. This protein is activated (the signal is detected) when the protein presents at least k phosphorylated sites out of a total of n sites present on the protein, where k and n can take the value of any positive integer ( Fig. 1) , including n = k = 1 for the case of a monosite phosphorylation model. As the number of phosphosites increases in the model, so does the number of potential scenarios we can envision. So, for a target protein with n sites, we could evaluate the following n scenarios: (n, k = 1), (n, k = 2), . . ., (n, k = n). Since in these scenarios the target protein does not necessarily need to be fully phosphorylated to be active, those dephosphorylated sites from an active target protein will be referred to as nonessential sites [23] .
The probability of noisy phosphorylation (PNP) is an important parameter of these models, which is obviously related to the noise level. PNP is defined as the probability that presents each individual site of being spuriously phosphorylated. Another important parameter is the so-called probability of proper phosphorylation (PPP) that is defined as the probability of a single site of being phosphorylated in response to the proper signal. Unfortunately, we do not know the values that PPP and PNP take in the different signaling pathways, and we also do not know how these values can change depending on the cellular status. However, we do know that cells make mistakes and that the rates of false negative (FN) and false positive (FP) are not null [24] , that is, PPP < 1 and PNP > 0, respectively. On the other hand, under the very sensible assumption that the signaling network, although fallible, performs in such a way that is partially reliable (better than flipping a coin), PPP and PNP can be further bounded: 1 > PPP > PNP > 0, which implies that for any given system under any circumstance, PPP must be always higher than PNP. Finally, our models assume that both parameters are positively correlated. That is, under circumstances favoring phosphorylation, both PPP and PNP will increase with respect to conditions that disfavor phosphorylation. Although we do not know the form of the function that relates PPP to PNP, we have tested that any monotonically increasing function that meets the model assumption (1 > PPP > PNP > 0) leads to the same qualitative conclusions that we have presented herein. In the current study, we have arbitrarily used the following function to relate both parameters:
Signal transduction systems as classifiers
According to the general model presented above, cells can make two types of incorrect decisions: false alarm (the number of sites phosphorylated is higher to k but the signal is not present) and miss (the number of phosphorylated sites is lower than k but the signal does exist). In the framework of machine learning, these two types of errors are also referred to as FP and FN, respectively. Therefore, we envisioned our models as classifiers ( Fig. 1 ), which will allow us to make use of a probabilistic framework. In this way, we define the true positive rate (TPR) as a conditional probability, P(predicted = Signal | actual = Signal) = TP/ (TP + FN). Similarly, the false positive rate (FPR) is given by P(predicted = Signal | actual = Noise) = FP/(FP + TN). On the other hand, TPR + FNR = FPR + TNR = 1, where FNR and true negative rate (TNR) stand for false negative rate and TNR, respectively. Obviously, a good signal transducer should exhibit a high TPR while keeping a low FPR. However, much for the same reasons that the parameters PPP and PNP are interrelated, TPR and FPR are not independent. Actually, as we will describe below, for any given value for PPP and PNP, the true and false positive rates can be computed and plotted to obtain a curve known as the ROC (receiver operating characteristic) curve (Fig. 2) . A ROC graph, in addition to illustrate the trade-off between TPR and FPR, is an excellent technique for visualizing and assessing the performance of classifiers [25] .
The Condorcet approach for molecular decisionmaking
Nicolas de Condorcet was an eighteenth-century philosopher and mathematician who in his famous jury theorem stated that if each member of a voting group is more likely than not to make a correct decision, then decisions taken by majority are much better (more probable to be correct) than decisions taken on the base of an individual voter. Since the issue of optimal group decision-making in a committee of fixed size that is subject to fallibility has been extensively studied in the fields of economics and political sciences, we have tried to take advantage by transferring these principles to the field of molecular decision-making. To this respect, our committee is formed by n phosphorylation sites. Each site "votes" (becomes phosphorylated or remains dephosphorylated) on the basis of noisy, but partially reliable, signals. In this way, while for a target protein containing a single phosphorylation site we have: TPR = PPP and FPR = PNP, for a target protein with n sites, k of which must be phosphorylated to be active, we have TPR ¼
Using this probabilistic framework, we have carried out computer simulations with the aim of characterizing the performance of the system under different conditions, varying the degree of noise (PNP), the total number of sites (n), and the number of nonessential sites (n À k). To this end, an ad hoc script in R was written and can be found at https://github.com/jcaledo/Multisite_Phosphorylation_and_ Noise (Appendix S1). To illustrate the advantages of multiple phosphorylations with respect to the decision-making process, we have assumed the most parsimonious conditions for the sake of the expositive and interpretative clarity. However, in Supplementary Information we provide a mathematical primer for those readers who might be interested in more complex models (Appendix S2). FN) . Similarly, the FPR is given by P(predicted = Signal | actual = Noise) = FP/(FP + TN). Obviously, the false negative rate is given by 1 -TPR, and the TNR by 1 -FPR.
Results
Cells are continuously sensing their environment and making decisions. When a single cell makes a binary decision, this can be adequate (according to the conditions) or wrong (because of noise). Habibi and coworkers have identified and evaluated two types of incorrect cell decisions that they called false alarm (declaring a signal that is not present) and miss (missing a signal that does exist) [24] . Therefore, we have envisioned the biochemical transduction machinery as a classifier model. This approach allows us to make use of a probabilistic framework (Fig. 1) . Our reference model, against which we will compare the different multisite phosphorylation models, is the monosite model. In this reference model, the target protein has a unique phosphorylation site (n = 1) that needs to be phosphorylated (k = 1) to trigger the biological response. For such a system based on a single phosphosite, the probability of that site being spuriously phosphorylated because of an out-of-target event PNP coincides with the FPR, while the PPP is equal to the TPR. In Fig. 2 , the continuous curve represents the performance of such a monosite transducer. The discontinuous line corresponds to the identity function, that is TPR = FPR, and represents the strategy of randomly guessing an input.
For the case of a target protein with two phosphorylation sites (n = 2), two possible scenarios can be envisioned. In the first scenario, the target protein is fully activated by the phosphorylation of any of the two sites (k = 1). In this way, the number of misses (the signal is present but the system does not detect it) can be significantly reduced. In other words, under these conditions the true positive rate for any given value of PPP is higher with regard to the monosite model (compare the solid red line with the dashed black line in Fig. 3A ). This is a fairly intuitive result. If the proper phosphorylation of an activating site is randomly missed, the protein still has another site that may be properly phosphorylated when the signal is present. As intuitive as this result is, it is also the fact that this gain in TPR comes at the expense of an increase in FPR, largely for the same reasons. Having two sites but needing just one of them to be activated, increases the chance of noisy activation (Fig. 3B , continuous red line vs. dashed black line). The second of the scenarios occurs when the target protein requires the phosphorylation of both sites to be activated (k = 2). This scenario can be thought of as "conservative": the classifier makes positive classifications only with strong evidence, so it makes few FP errors (Fig. 3B, blue line) , but it often has low true positive rates as well (Fig. 3A, blue line) .
Therefore, having two phosphosites allows to implement either a "liberal" (k = 1) or a "conservative" (k = 2) strategy, but without any substantial gain in accuracy. Opting for one or another strategy will depend to a large extent on the payoffs associated with each of the four possible outputs (Fig. 1B) . Obviously, when missing a true signal is more serious than responding to a nonexisting signal, the liberal strategy is the right one, and vice versa. Nevertheless, strategies aside, two-site models do not provide any gain in accuracy when compared to a monosite model, as evidenced by very similar areas under the ROC curve (Fig. 3C) . To compare classifiers, the ROC curve, which is a two-dimensional measure of the classifier performance, is often reduced to a single scalar value: the area under the ROC curve (AUC). Since the AUC is a fraction of the area of the unit square, its value will always be contained between 0 and 1. The AUC values for the monosite, the liberal scenario, and the conservative scenario were 0.614, 0.645, and 0.641, respectively. We have started by examining the simplest of all possible cases of multisite phosphorylation, that is, when n = 2. For this parsimonious model, we failed to find any significant increase in the accuracy of the decision-making process (Fig. 3C) . However, phosphoproteome analyses have shown that most phosphoproteins in eukaryotic cells contain numerous (n > 2) phosphorylations [26] . Hence, we next explored the effect of increasing the number of phosphosites on the accuracy of the cell decisions, as evaluated by the AUC (Fig. 4) . On the ground of these analyses, several interesting conclusions can be pointed. First, when the target protein requires either the phosphorylation of just one site (k = 1) or the phosphorylation of all its sites (k = n) to bring about the activation, then increasing the number of phosphorylation sites, n, has a minimal effect on the accuracy (Fig. 4) . Second, for fixed n, as k increases, the AUC first increases and then decreases (Fig. 5) . Third, when k is fixed, the accuracy is improved by incorporating more nonessential phosphorylation sites (Fig. 5B) .
Discussion
To survive, organisms have to be able to detect and respond to external signals. Over millions of years of evolution, cells have developed information transduction systems that fulfill this vital function. These systems allow cells to make decisions aimed at a fine adaptation to prevailing conditions, or even anticipate future conditions. However, these signaling systems not only have to deal with signals that can be confused with the prevailing noise but they themselves generate additional noise by their very nature [7] [8] [9] [10] . How cells deal with all this noise is an open question that will still require a lot of research effort before we can consider it exhausted. However, what we do know at this point is that the need to live in a noisy environment has strongly conditioned the biology of all living beings [13] . In the current work, we have addressed whether multisite phosphorylation may fulfill, in addition to the many roles previously described, a function as a noise filter. To this end, we have conceptually envisioned the biochemical transduction machinery as a classifier model that can lead to four possible outputs. Thus, in addition to responding properly to the environmental clues only when they appear [this behavior would account for true positive (TP) and true negative (TN) outputs], the cell can occasionally err in its decisions. Individual cells within an isogenetic population can make two different types of mistakes: either triggering a response to a nonexistent signal, or failing to respond to a real signal [24] . In this probabilistic framework, we reasoned that the Condorcet's jury theorem could find utility in the field of molecular decision-making. The Condorcet's jury theorem is a political science theorem that was first expressed by the French thinker the Marquis de Condorcet, in the 18th century. Since then, the issue of optimal group decision-making in a committee of fixed size that is subject to fallibility has been extensively studied for researchers from the economic, legal, and political fields [27] . More recently, drawing on that theorem, Christian List, a professor of political science at London, has pointed that democratic decisionmaking among animals may provide evolutionary advantage [28] . Herein, back to the molecular signaling, we argue that requiring a minimal number of phosphorylations to trigger a biological process is equivalent to a democratic voting. Each site "votes" (becomes phosphorylated or remain dephosphorylated) on the basis of noisy, but partially reliable, signals. In such a democratic way of pooling information from different sites, the probability that at least a minimal of k sites among the n total sites become phosphorylated, consequently properly detecting the signal, is binomially distributed and equals the rate of TP. Similarly, the probability of a spurious target activation due to the noisy environment (rate of FP) is also binomially distributed. In this way, it is straightforward to prove that for a signaling system that performs better than a random classifier (PNP < 0.5 < PPP), a multisite model can reduce the FPR (i.e., FPR < PNP) and simultaneously increase the TPR (i.e., TPR > PPP) with respect to a monosite model. As illustrated in Fig. 6 , for the concrete example of n = 10, it is Fig. 4 . Influence of the number of total and nonessential sites on the classifier performance. The AUC was assessed as a measurement of the performance of different models. The models considered were those corresponding to target proteins showing a different number of total phosphorylation sites (from n = 2 to n = 10). The beige bars show the AUC values obtained for the liberal versions of these models (k = 1), while the burgundy bars give the values for their conservative counterparts (k = n). As it can be observed, in all the cases the best performance was obtained when around half of the total number of sites need to be phosphorylated to trigger the response (orange bars). The AUC for all the 10 models described in (A) were computed and plotted against k (blue circles). The same was carried out for models with n = 8 (purple triangles) and n = 6 (red squares), to illustrate how for a fixed k value increasing the number of nonessential sites lead to an improved performance of the transducer.
possible to achieve that TPR exceeds PPP (see the cyan area, where the curve is above the line) while keeping FPR below PNP (yellow area, where the curve is below the line). In other words, by properly setting the value of k, multisite phosphorylation can lead to a drastic increase in accuracy by increasing the TP rate while, simultaneously, decreasing the detection of FP (Fig. 6) . At this point, it is important to realize that our predictions are for an idealized model. For instance, we are assuming that all the sites are equally probable of becoming phosphorylated when the right signal is present. Likewise, we assume that all the sites have the same probability of being phosphorylated as consequence of out-of-target encounters. Furthermore, we are not considering the possibility that the consequences of a FP and a FN could be very different, which, obviously would influence the optimal value of k. Although our predictions are for an idealized model, they do show the potential of multisite phosphorylation to filter noise and increase accuracy in a noisy context. Thus, multisite phosphorylation still would outperform monosite phosphorylation as a reliable information transducer system under several generalizations of Condorcet's model (Appendix S2). In this sense, multisite phosphorylation may provide improved accuracy in cellular decisions even if the reliability of each individual site to detect the signal is not homogenous. That is, when the relevance of the phosphosites in order to trigger the process could vary from one site to another [29, 30] . Even more, our idea of multisite phosphorylation as an evolutionary strategy to improve the reliability of signal transduction, would still be valid in those cases where the different sites are not phosphorylated independently. In other words, even when the different phosphosites "vote" in a correlated fashion, showing some degree of cooperativity, the Condorcet's model may still apply [31] .
Indeed, proteomic analyses have shown that most phosphoproteins in eukaryotic cells contain more than one phosphorylation site [26] . Furthermore, it has been observed that the number of phosphosites shows a significant increase from prokaryotes to eukaryotes [32] . In the latter, it is not uncommon to find phosphoproteins with about 10 or even more regulatory phosphorylation sites [33, 34] . Therefore, the requirement of a target protein to be phosphorylated at multiple sites in order to be activated/inactivated is not unheard of, and, in fact, it is common among the substrates of certain protein kinases such as the cyclin-dependent kinase 1 (Cdk1) [35] , a serine/threonine protein kinase that fulfills a key role in the cell cycle regulation. The importance of multisite phosphorylation as a mechanism for pooling information from a noisy environment, may be of particular relevance in those cases where the function of the target protein depends on the amount of phosphorylation rather than the exact identities of the sites phosphorylated. This phenomenon is relatively common among protein clustering phosphorylation sites within disordered regions of the protein [36, 37] . For instance, Ste5, a substrate of Cdk1, is a yeast scaffold that must be present at the plasma membrane to serve its function. The phosphorylation of any four of the eight sites seems to be sufficient to half-maximally knock Ste5 off the membrane [32] . Another example is the well-studied protein Sic1, also a substrate of Cdk1, with nine phosphorylation sites among which any combination of six sites seems to be sufficient to trigger its degradation [33, 38] . Although more recent work suggests that the phosphorylation of Sic1 may be more complex than previously thought [39, 40] , our probabilistic model, as discussed above, may account for cooperativity and nonequivalent sites. A similar example would be Gcn4, a transcriptional activator in yeast that has five phosphorylation sites. This protein is degraded via the SCF Cdc4 ubiquitin ligase, which has a single binding site for a phosphoepitope [38] . These sites are known to be involved in the ubiquitination of Gcn4. However, for a multisite model (n = 10, k = 6, filled circles) the TPR can be either greater (improved system, cyan area) or lower (worsened system, yellow area) than the PPP, depending on the values that the independent variable PPP takes. Similarly, the FPR, can go up (worsened system, cyan area) or down (improved system, yellow area), now depending on the values of PNP. Therefore, for values of PPP slightly higher than PNP, the optimal model is that with k = 6, because it provides an increased TPR simultaneously with a decreased FPR. For comparative purposes, we have also plotted the model n = 10, k = 5 (empty circles), which will perform well only for low values of PNP, as well as the model n = 10, k = 7 (empty triangles) that will be suitable only for high values of PPP.
